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same  input  power  levels. 
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I.    IHTBODDCTION 

Neodymium   lasers   have   been    studied,    developed,    and 
utilized  in  a  variety  of    military  and  civilian   applications. 
They    are   particularly  useful    as  a   learning    tool    due   to    their 
relative  ease   of   operation   in   a   number   of   configurations   and 
modes.      This   project    deals   specifically    with  the    design   and 
building  of   an    efficient,    home-made    Nd:YAG    laser    system. 

Previous  projects  have   grapfled    with   this  same    problem. 
Both   Jung  [Ref.    1]   and  Chung   £Ref.    2]  were    successful   in 
constructing   Nd:YAG    lasers   using   tungsten-halogen    lamps  as 
their    pump  source.      Both   also   used   a   circular  cylindrical 
pump    cavity.      This    project's    design    uses    the   more    efficient 
krypton    arc  as    the   pump  source    in   a    single   elliptical   laser 
cavity.       These    two   design   changes    should   yield    a    more 
powerful  and  efficient  system. 

A   secondary    goal   of   this   thesis    is   to   take   information 
from    the   available   references   and    produce   a   basic,    easy   to 
follow   guide    which    would   enable   future   students    to   construct 
a  similar    (or   better)    Nd:YAG    laser.       The   information 
contained    herein   and    the    associated    list    of   references 
provide   a   good   starting   point   fcr  future   study. 

Due    to    unforseen    difficulties    encountered  in    starting 
the    krypton   arc,    the   laser  has    not    been    tested    using    the 
kryptcn    arc   as    the    pump   source.      Slight    modifications    were 
made    to    the   endplates  and   cooling    systems    so    that   fluores- 
cence   measurements    could    be    made   with   a    tungsten    lamp   in    the 
elliptical   cavity.       The   cavity    and   laser    were   designed, 
however,    around   the    krypton   lami,    so    the  thesis    concerns 
itself   with   that    design.      The    results  of    the   fluorescence 
measurements  are   discussed   in    Chapter   V. 
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To  minimize  confusion  over  symbology,  Appendix  A 
contains  a  list  of  symbols  and  indicates  where  to  find  their 
definitions  in  the  thesis.   This  reference  will  help  espe- 
cially where  non-standard  variables  had  to  be  used.   Where 
the  same  symbol  can  mean  more  than  one  thing,  the  context  of 
the  section  in  which  the  symbol  appears  will  clarify  the 
definition  intended  for  that  particular  application. 
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II.  GENERAL  JACKGRQOND 

A.   PBOPEBTIES  OF  ND:YAG  CRYSTALS 

A  good  laser  material  has  sharp  fluorescent  lines,  broad 
pump  bands,  and  a  reasonably  high  quantum  efficiency.   Its 
host  material  should  have  good  optical,  mechanical,  and 
thermal  properties  that  complement  the  properties  of  the 
laser  material  doped  into  it  [Ref.  3:  pp.  32-33].   In  the 
following  paragraphs,  the  characteristics  of  the  trivalent 
neodymium  ion  as  well  as  the  yttrium  aluminum  garnet,  or 
YAG,  host  are  discussed  with  the  above  general  requirements 
in  mind.   Appendix  B  is  a  numerical  summary  of  these  proper- 
ties using  data  taken  primarily  from  References  3  and  4  . 

1  •   HilSical  Properties 

The  Nd:YAG  crystal  is  grown  using  the  Czochralski 
method  which  basically  rotates  a  seed  crystal  in  a  solution 
and  simultaneously  pulls  it  up  at  a  rate  of  two  to  five 
millimeters  per  hour.   This  slow  pull  rate  helps  reduce 
strain  centers  and  makes  the  crystal  stronger  [Ref.  4:  pp. 
86-87].   It  also  has  the  unfortunate  side  effect  of  high 
cost  since  a  significant  amount  of  time  is  needed  to  grow 
crystals  of  any  size. 

The  synthetic  YAG  garnet  is  the  best  commercially 
available  host  for  Nd.   The  neodymium  ions  are  only  three 
percent  larger  than  the  yttrium  they  replace,  so  excess 
crystal  strain  is  not  a  factor  for  the  1  to  1.5  percent 
doping  levels  used.   levels  higher  than  this  reduce  the 
fluorescent  lifetime,  broaden  the  fluorescent  linewidth,  and 
the  increased  lattice  strain  contributes  to  poorer  optical 
quality  [Ref.  3:  pp.  54-58].   The  overall  cubic  crystal 
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structure  of  YAG  helps  produce  a  narrower  fluorescent  linew- 
idth.   Since  the  optical  transitions  in  Nd  occur  between 
states  of  inner,  incomplete,  electron  shells,  and  with  the 
Nd  ion  in  turn  imbedded  in  the  crystal  lattice,  the  tran- 
sitions act  similarly  to  those  cf  free  ions  [Ref.  3:  p.  32]- 
This  permits  a  narrow  linewidth  which  helps  increase  the 
gain  and  lower  the  threshold  power.   The  YAG  crystal  also 
has  good  thermal  conductivity.   This  means  laser  operation 
at  high  average  power  levels  is  possible.   Finally,  since 
the  neodymium  and  yttrium  ions  are  both  trivalent  ,  no 
charge  compensation  is  necessary. 

2.   Laser  Properties 

A  general  picture  of  a  four  level  solid  state  laser 
system  is  depicted  in  Figure  2.1  [Ref.  3:  p.  22].   One  key 
feature  to  be  noted  is  the  ratio  of  decay  times  between  the 
represented  energy  levels.   In  order  to  build  up  a  popula- 
tion inversion,  the  transition  time,  t30,  must  be  much 
greater  than  t32  so  that  energy  level  E2,  the  upper  laser 
level,  can  be  efficiently  populated.   In  turn,  t21  must  be 
greater  than  t10  so  that  once  the  laser  transition  from  E2 
to  E1  is  completed,  E1  is  quickly  vacated  and  the  inversion 
is  preserved.   The  discussion  in  this  section  demonstrates 
how  the  Nd:YAG  system  accomplishes  these  and  other  require- 
ments for  lasing. 

a.   Nd:YAG  Energy  Levels 

A  detailed  representation  of  the  Nd: YAG  energy 
levels  is  found  in  Figure  2.2  [Ref.  3:  p.  55].   The  upper 
laser  level,  *F(3/2) ,  is  most  efficiently  reached  at  room 
temperature  via  the  0.75  micrometer  and  0.81  micrometer  pump 
bands.   At  temperatures  above  4  00  K,   the  0.59  micrometer 
band  is  dominant  and  excitation  can  also  be  achieved  in  the 
0.48,  0.52,  and  0.68  micrometer  bands  [Ref,  4:  p.  95].   The 
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Figure  2.1    A  General  Four  Level  Laser 

contributions  of  these  other  bands  at  room  temperature  are 
negligible  and  will  not  be  considered  for  this  discussion. 
Once  in  the  upper  laser  level,  the  excited  ions  settle  into 
either  sublevel  R2  or  El,  according  to  the  Boltzmann  distri- 
bution.  Forty  percent  end  up  in  R2  and  sixty  percent  in  R1 
Under  normal  conditions  and  at  room  temperature,  the  domi- 
nant laser  transition  having  the  lowest  threshold  starts  at 
the  R2  sublevel  and  terminates  in  the  Y3  sublevel  of 
♦1(11/2).   As  R2  ions  are  used  up,  R1  ions  replenish  the  R2 
sublevel  by  thermal  transitions.   [ Ref .  3:  p.  56] 
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Figure    2.2        Nd:YAG   Energy   Levels 

15 


The  radiative  lifetime  from  the  upper  to  lower 
laser  levels  has  been  found  to  he  550  micro-seconds  and  the 
upper  laser  level's  spontaneous  fluorescence  lifetime  is  230 
micro-seconds.   In  comparison  with  these  numbers,  the  relax- 
ation time  from  the  lower  laser  level  to  the  4I (9/2)  ground 
state  of  30  nano-seconds  is  very  short.   This  is  a  necessary 
condition,  as  mentioned  before,  to  help  maintain  the  popula- 
tion inversion  needed  for  lasing.   Taken  a  step  further,  a 
comparison  of  the  thermally  distributed  population  levels 
using  Boltzmann  statistics  reveals  that  the  lower  laser 
level  with  its  energy  at  2111  cur1    above  the  ground  state 
has  a  population  of  approximately  e~10  that  of  the  ground 
state  population.   This  means  that  the  terminal  laser  level 
is  essentially  thermally  unpopulated,  a  factor  which  makes  a 
population  inversion  very  easy  to  attain  and  results  in  a 
lower  required  threshold  power.   [Ref.  3:  p.  56] 

b.   Transition  Cross  Sections  and  Quantum 
Efficiencies 

One  number  which  is  repeatedly  used  in  laser 
calculations  is  the  laser  transition  cross  section. 
Unfortunately,  there  is  a  range  of  accepted  values  instead 
of  a  single  value.   The  accepted  values  for  the  transition 
cross  section  are  from  2.7  to  8.8  x  10-19  cm2.   Kushida  et 
al.   [Ref.  5],  employed  two  methods  to  solve  for  the  cross 
section.   The  first  used  the  absorption  cross  section  for 
the  transition  from  ground  state  to  upper  laser  level,  and 
the  ratio  of  the  emission  intensities  of  the  upper  level  to 
ground  state  transition  and  the  laser  transition.   The 
second  method  deduced  the  cross  section  from  the  radiative 
transition  probabilities  determined  by  the  branching  ratios 
and  the  fluorescence  decay  time.   Both  methods  yielded  8. 8  x 
10~19  cm2  as  their  result,  so  that  will  be  the  number  used 
in  this  paper. 
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The  branching  ratios  found  in  the  above  refer- 
ence are  important  to  the  quantum  efficiency  of  the  Nd:YAG 
system.   The  measured  ratios  are  listed  in  Table  1  [Ref.  5: 
p.  291].   Another  important  number  is  the  fluorescence  effi- 
ciency of  the  upper  laser  level  which  is  greater  than  99.5 
percent  [Eef.  3:  p.  58].   These  two  sets  of  numbers  together 
mean  that  almost  all  of  the  ions  transitioning  to  the  pump 
bands  from  ground  level  end  up  in  the  upper  laser  level,  and 
60  percent  of  these  decay  through  the  lower  laser  level, 
causing  the  desired  radiation. 


TABLE    1 

, 

Nd:YAG   Branching   Ratios 

TRANSITION 

WAVELENGTH    RANGE 

BRANCHING 

RATIO 

*F(3/2)  —  >*I  (9/2) 

0.87   -    C.95    um 

0.25 

*F(3/2)-->*I  (11/2) 

1.05    -     1.  12    um 

0.60 

♦F(3/2)-->*I  (13/2) 

1.3U   um 

0.  14 

OTHERS 

0.01 

,  .. 

c.   Linewidth  Broadening 

Thermal  broadening  is  the  mechanism  predomi- 
nantly responsible  for  the  linewidth  of  the  Nd:YAG  laser 
[Ref.  3:  p.  12].  Since  this  is  homogeneous,  the  lineshape 
basically  takes  on  a  lorentzian  distribution.  This  also 
means  that  for  all  practical  purposes,  each  atom  has  the 
same  probability  of  transition  for  a  given  applied 
frequency. 
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B.   THE  RESONATOR 

1  •   Desired  Mode  of  Oscillation 

There  are  two  types  of  mode  in  any  resonator:  longi- 
tudinal and  transverse.   The  longitudinal  modes  differ  in 
their  oscillation  frequencies  and  determine  spectral  charac- 
teristics such  as  linewidth  and  bandwith.   Transverse  modes 
also  differ  in  their  oscillation  frequencies,  but  more 
importantly  there  is  a  difference  in  field  distribution. 
These  distributions  determine  beam  divergence,  beam  diam- 
eter, and  the  energy  distributicn.   [Ref.  3:  p.  171] 

The  mode  of  greatest  interest  for  most  lasers  is  the 
fundamental  TEM  (00)  mode.   In  this  case,  the  field  distribu- 
tion in  the  plane  perpendicular  to  the  axis  is  Gaussian, 
with  its  peak  on  the  axis.   The  symbol  w  is  defined  as  the 
radial  distance  where  the  field  distribution  drops  to  e-1  of 
its  maximum  value.   To  give  an  idea  of  the  concentration  of 
the  field  in  a  gaussian  beam,  an  aperture  of  radius  equal  to 
w  would  let  86.5  percent  of  the  beam  power  through.   A 
radius  of  1.5w  would  allow  98.9  percent  to  pass,  and  if  the 
radius  were  expanded  to  just  2w,  99.9  percent  of  the  beam's 
power  would  come  through  [Ref.  3;  p.  176].   To  be  able  to 
concentrate  the  power  of  the  laser  in  such  a  relatively 
small  area  is  certainly  a  desirable  goal  and  the  tuned  laser 
resonator  makes  it  possible. 

2-   The  Con focal  Resonator 

The  confocal  resonator  configuration  is  one  that  can 
produce  oscillation  in  the  TEM  (00)  mode.  Figure  2.3  repre- 
sents a  general  confocal  resonator  and  its  resident  gaussian 
beam.  The  mirrors  M1  and  M2,  bcth  with  an  equal  radius  of 
curvature  R,  are  placed  precisely  where  the  wavefront  curva- 
ture equals  R.  This  positions  each  mirror's  focal  point  at 
the  same  spot,  hence  the  term  ccnfocal.   It  also  makes  the 
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mirror   an  egui-phase   surface.       Ihe    beam's   point    of   smallest 
cross   section   is   called   the    beam   waist,    wO,    and    is   located 
midway   between    the    two   mirrors.      In    this   configuration,    wl 
and    w2,    the   spot    sizes   on    the   respective   mirrors,    are   equal. 
They    represent    the    radius   on    the   mirrors   where  the    field   has 
dropped   to    1/e    its    maximum    value  at    the    mirror   axis. 


Figure    2.3        A    Confocal   Resonator 

Fox    and    Li    [ Eef .    6]    have    determined    that    the    TEM(OO) 
mode,    as  compared    to    other    modes,    oscillates   with   the   lowest 
power   loss   in  a   confocal    resonator.       This    means    that   since 
the    other    modes    have    higher    losses,    the    TEM  (00)     mode    will 
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persist.   Higher  pump  powers  would  compensate  for  the  higher 
losses  which  means  the  confocal  cavity  could  support  the 
other  modes,  but  this  decreases  the  efficiency  as  input 
power  would  necessarily  have  to  increase.   A  significant 
advantage  of  the  confocal  arrangement  is  the  high  misalign- 
ment tolerance.   The  only  requirement  is  that  the  axis  of 
the  beam  be  far  enough  from  the  mirror  edges  to  keep 
diffraction  losses  low  [Ref.  7:  p.  507]. 

A  mixed  advantage/disadvantage  of  a  confocal  system 
concerns  the  efficient  use  of  the  active  material.   The 
confocal  resonator  requires  a  minimum  of  active  material 
which  makes  for  a  lower  threshold  for  lasing.   On  the  other 
hand,  this  restricts  the  volume  of  active  material  utilized, 
which  may  waste  a  lot  of  material  and  limit  the  maximum 
output  power.   If  efficiency  is  less  of  a  goal  than  power 
output,  an  unstable  resonator  configuration  would  be  more 
desirable  as  more  of  the  laser  material  is  used  and  the 
output  power  is  much  higher.   This  project  is  more  concerned 
with  efficiency  so  a  version  of  the  confocal  resonator  is 
used. 

Because  of  the  available  mirror  sets,  the  resonator 
used  for  this  study  is  hemi-con focal.   This  type  of  reso- 
nator is  formed  by  making  the  output  mirror  planar  instead 
of  spherical  and  placing  it  at  the  beam  waist.   Although  the 
power  loss  is  slightly  greater  in  this  type  of  arrangement, 
it  has  been  determined  to  be  less  than  0.1  percent  per  pass 
for  Fresnel  numbers  greater  than  1.9  as  is  the  case  here 
[Ref.  8:  p.  927]. 

It  is  important  to   be  able  to  express  the  mode 
parameters  (  wO ,  w1,  w2  )  as  functions  of  the  resonator 
parameters  (  R1,  R2,  I).   The  mcst  general  resonator  case 
has  as  its  relations  the  equations  2.1  to  2.3  . 
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/  Y  x  Rl  \  2  R2  -  L       L  (2.1) 

I   Pi   / 


wl   = 


Rl  -  L  Rl  +  R2  -  L 


w2 


4    /Y  x  R2\  2  Rl  -  L       L  (2.2) 


=  (H^) 


R2  -  L  Rl  +  R2  -  L 


wO 


4    /  Y  \  2  L(R1  -  L)  (R2  -  L)  (Rl  +  R2  -  L)2        (2.3) 


pT;  Rl  +  R2  -  2L 


E1  and  E2  are  the  radii  of  curvature  of  the  mirrors,  w1  and 
w2  are  the  respective  spot  sizes  on  the  mirrors,  wO  is  the 
beam  waist,  L  is  the  length  of  the  resonator,  and  Y  is  the 
wavelength  of  the  radiation.   Hhen  simplifications  are 
applied  as  pertain  to  the  hemi-conf ocal  arrangement. 
Equations  2.1  to  2.3  reduce  to: 

W12  =  W02  =  w22/2  (2.4) 

w22  =  (Y  x  R)/(pi)  (2.5) 

Here  E  is  the  radius  of  curvature  of  the  lone  spherical 
mirror  [Eef-  3:  pp.  179-181].   These  relations  are  useful 
later  on. 

3.   Losses  and  Stability 

a.   Losses 

Losses  that  must  be  considered  in  any  resonator 
fall  into  three  categories.   The  first  is  reflective  losses 
due  to  the  output  transmission  of  the  beam  and  the  absorp- 
tion and  scattering  from  imperfect  mirror  surfaces.   The 
second  is  absorption  and  scattering  in  the  laser  medium  due 
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to  the  atomic  transitions  in  levels  not  associated  with  the 
intended  lasing  process.   Material  flaws  in  the  laser  medium 
also  contribute  to  this  loss.   finally,  diffraction  losses 
due  to  the  finite  mirror  size  must  be  considered.   As 
mentioned  before,  diffraction  lcsses  are  negligible  for  the 
confocal  and  hemi-confocal  resonators. 

b.   Stability 

A   stable   resonator    is    one   where   the    paths    of    the 
reflected  rays    do  not  diverge    fiom    the   optical   axis    so    that 
they    would   eventually  be   lost.       Put    another   way,    the    light 
paths   would  repeat   after   one   round   trip.      An   unstable  reso- 
nator's   reflected   rays   would   not  repeat   their   paths   and 
would   be  lost.       This    "loss"    is    usually    the    laser    output,    and 
since   more  of   the   active   medium   is   used,    a    higher   output 
power  is  expected.       This   is    at    a  cost  of   higher    input   powers 
to   cover   the    high    loss   rate    and    maintain   the   required    popu- 
lation inversion.      As  mentioned   before,    this   thesis   works 
more    towards  efficiency    than    high   output,    so  a   low   loss, 
stable  resonator   has   been   chosen. 

Stability  in   a  resonator   is   simply  expressed 
using   the  stability   criterion.      Analytically,    this   is   repre- 
sented   by   equations    2.6    to   2.8    . 

0    <    (g1   x    g2)     <    1  (2.6) 

g1    =    1   -   L/R1  (2.7) 

g2    =    1    -    L/R2  (2.8) 

When  plotted  in  rectangular  coordinates,  the 
resultant  curve  is  a  hyperbola  occupying  the  first  and  third 
quadrants,  and  centered  at  the  origin.   The  coordinate  axes 
are  the  asymptotes.   The  area  between  the  curve  and  the  axes 
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represents  the  region  of  stability  described  above.   All 
other  regions  represent  unstable  resonator  configurations, 
for  the  resonator  of  this  project,  g1  =  1  (E1  — >  infinity) 
and  g2  =  1/2  (L  — >  E2/2) .   Their  product  is  1/2  which 
places  the  hemi-conf ocal  resonator  in  the  stable  region. 

C.   THE  OPTICAL  PUMPING  SYSTEM 
1  •   The  Pump_  Cavity 
a.   An  Overview 

The  pump  cavity  is  the  link  between  the  pump 
source  and  laser  material.   It  determines  the  energy  distri- 
bution in  the  active  material  which  subsequently  affects  the 
output  beam  characteristics.   The  choice  of  a  particular 
cavity  depends  on  the  size  of  the  rod,  type  of  pump  source, 
the  required  performance,  and  system  considerations  such  as 
cooling  requirements,  size,  weight,  and  cost  [Ref.  3:  p. 
305]-   The  cavities  to  be  discussed  here  are  those  used  for 
side  pumped  systems.   These  are  the  most  applicable  to  this 
project. 

One  type  of  cavity  is  called  the  close  wrap.   It 
depends  primarily  on  direct  radiation  to  pump  the  laser 
crystal.   Because  of  this,  the  energy  density  in  the  rod  is 
less  uniform  which  adversely  effects  the  beam  quality.   This 
can  be  somewhat  overcome  with  multiple  sources,  but  effi- 
ciency would  suffer.   The  close  wrap  arrangement  is  also 
difficult  to  cool.   It  is  simple  to  make  and  can  be  as  effi- 
cient as  an  elliptical  cavity.   [Ref.  3:  p.  303] 

Other  type  cavities  include  the  ellipsoid  of 
revolution  and  sphere.   These  offer  the  best  transfer  effi- 
ciencies, but  are  only  good  for  relatively  short  rods.   They 
are  very  much  limited  by  fabrication  costs,  size,  and 
weight.   [Ref.  3:  p.  305] 
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The  most  widely  used  cavity  is  the  elliptical 
cylinder.   This  arrangement  places  the  laser  rod  and  pump 
source  at  the  foci  of  the  ellipse.   The  reason  for  this  is 
the  geometrical  theorem  which  states  that  what  originates 
from  one  focus  will  be  reflected  into  the  other.   Usually, 
the  cavity  is  capped  on  each  end  with  plane-parallel 
reflecting  plates  that  make  the  cavity  optically ,  infinitely 
long.   This  improves  the  efficiency  as  less  radiation  is 
lost.   An  elliptical  cavity  with  a  low  major  axis  to  rod 
diameter  ratio  is  called  close  coupled.   A  highly  reflec- 
tive, close  coupled  cavity  is  less  dependent  on  the  mechan- 
ical tolerances  of  the  ellipse  and  is  generally  more 
efficient.   The  optimum  single  ellipse  has  as  good  a 
transfer  efficiency  as  an  ellipse  of  revolution.   £Ref.  3: 
pp.  302,  317] 

As  will  be  discussed  in  the  design  chapter,  the 
pump  cavity  used  in  this  project  is  a  close  coupled,  single 
elliptical  cavity.   The  design  is  optimized  for  the 
materials  on  hand,  but  there  is  an  unavoidable  reduction  in 
transfer  efficiency  due  to  the  fact  that  the  rod  has  half 
the  diameter  of  the  lamp.   This  is  a  less  efficient  arrange- 
ment since  it  is  not  possible  tc  image  a  greater  energy 
concentration  on  the  rod  than  is  available  at  the  source 
[Ref.  9;  p.  107].   The  effect  this  has  on  the  results  is 
discussed  in  later  chapters. 

b.   Single  Elliptical  Pump  Light  Distribution 

It  is  important  to  know  about  the  light  distri- 
bution in  the  cavity  since  the  energy  absorbed  by  the  rod  is 
directly  affected  by  it.   The  light  distribution  on  the  rod 
is  a  result  of  the  illumination  properties  of  the  cavity, 
the  focussing  in  the  rod,  and  the  non-uniform  absorption  of 
radiation.   Figure  2.4  illustrates  how  the  light  is  distrib- 
uted in  the  single  elliptical  cavity  used  in  this  project. 
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Figure  2.4   Light  Distribution  in  an  Elliptical  Cavity 

P(a)  is  the  point  at  which  the  reflection  gives  the  beam  of 
greatest  diameter  perpendicular  to  the  major  axis.   The 
reflections  at  points  P (e)  give  the  beam  of  smallest  diam- 
eter parallel  to  the  major  axis.   The  oval  region  defined 
via  these  three  points  is  where  the  light  from  the  source  is 
focused.   The  dimensions  of  this  elliptic  focus  area  are 
given  by  Equations  2.9  and  2.10  .   The  symbol  r (L)  is  the 
lamp  radius,  a  is  the  length  of  the  semi-major  axis  of  the 
cavity  ellipse,  and  e  is  the  eccentricity  of  the  cavity. 
These  boundaries  are  for  free  space  and  would  have  to  be 
reduced  by  the  index  of  refraction  should  the  rod  radius  be 
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greater  than  that  of  the  lamp.   The  important  point  is  that 
there  exists  a  preferred  axis  perpendicular  to  the  cavity's 
major  axis  and  that  the  laser  red  should  be  located  as  close 
to  the  center  of  the  oval  as  possible.   This  is  where  the 
strongest  concentration  of  light  will  be  and  therefore  the 
point  where  threshold  inversion  will  first  be  reached. 

Long  axis  =  r(L)  x  (a/e  ♦  1)  /  (a/e  -  1)  (2.9) 

Short  axis  =  r  (L)  x  {  (a/e)  2  -  1 }  /  £  (a/e)  2  +  1}       (2.10) 

[Ref.  3:  pp.  319-323] 
2 •   The  Pu mp_  Source 

a.   Possible  Pump  Sources 

Nd:YAG  is  a  high  gain  medium  in  which  most  of 
the  available  pump  sources  can  induce  a  threshold  inversion. 
The  choice  of  the  source  is  determined  by  the  level  of 
output  power  desired  and  the  mode  of  operation  (pulsed  or 
continuous  wave) .   The  difficulties  arise  when  trying  to 
match  the  Nd:YAG  pump  bands  to  the  spectrum  of  the  pump 
source.   What  follows  is  a  brief  description  of  some 
possible  optical  pump  sources  fcr  Nd:YAG.   It  is  not  meant 
to  be  an  exhaustive  listing  of  the  myriad  of  sources  avail- 
able, but  it  will  serve  as  a  point  of  reference  when 
discussing  the  krypton  arc  lamps  in  the  next  section. 

C)   Metal  Vapor  Discharge  Lamps.    Mercury  arcs 
are  one  example  of  this  type  of  source.   Mercury  produces 
lines  at  5770  and  57  91  angstroms  which  means  it  pumps  neody- 
mium  lasers  only  in  the  yellow  absorption  band  [  Bef .  4:  p. 
100].   Since  this  is  by  far  not  the  strongest  absorption 
band,  mercury  by  itself  is  not  an  efficient  source.   Mercury 
has  been  doped  with  Rb-I  as  well  as  with  potassium  and 
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argon.   These  have  produced  lines  in  the  stronger  absorption 
bands,  but  overall  pumping  efficiency  is  less  than  one 
percent  [Ref.  3:  p.  275]. 

Alkali  arc  lamps  have  also  been  used  and 
of  these,  the  K-Rb  lamps  had  the  lowest  threshold.   Up  to 
1000  watts,  the  K-Rb  lamps  are  nore  efficient  than  krypton, 
but  these  lamps  are  extremely  difficult  to  operate. 
[Ref.  3:  p.  276] 

(2)  Filament  Lamps.   The  tungsten  filament 
lamps  were  the  first  to  pump  Nd:YAG  in  the  CW  mode.   Still  a 
common  source,  they  are  cheap  and  very  easy  to  operate.   The 
efficiency  of  the  tungsten  lamps  is  significantly  less  than 
that  of  krypton.   They  are  also  limited  in  their  input 
power.   [Ref.  3:  p.  272] 

(3)  Noble  Gas  Discharge  Lamps.    Neodymium 
lasers  have  been  pumped  with  xenon  lamps.   Despite  their 
superior  conversion  efficiency,  their  infra-red  line  spectra 
do  not  match  the  Nd:YAG  absorption  bands  very  well  [Ref.  3: 
p«  267].   This  means  that  the  threshold  power  is  high  for 
this  type  of  system.   A  better  alternative  is  the  krypton 
arc  source. 

b.   The  Krypton  Arc  Lamf 

The  krypton  arc  lamp  is  the  pump  source  used  in 
this  project.   Compared  to  other  sources,  it  is  capable  of 
handling  the  highest  input  power.   The  real  importance  of 
this  particular  source  is  the  close  match  between  the 
krypton  line  spectrum  and  the  absorption  bands  of  Nd:YAG. 
Figure  2.5  gives  a  good  general  comparison  of  the  two 
spectra  [Ref.  10]-   A  more  detailed  summary  of  the  spectral 
data  for  CW  krypton  arc  lamps  is  contained  in  Table  2  .   Of 
particular  note  is  the  high  fraction  of  the  power  distribu- 
tion concentrated  in  the  strongest  absorption  bands  of 
Nd:YAG  [Ref.  3:  p.  270].   The  absorption  efficiency  for  each 


27 


of    the   absorption    bands    of    Nd:YAG    is    given    in   Table    3 
[Ref.    11:    p.    1622].      These    numbers   are   presented    here   for 
general  comparison   and   will   be    used   in    later  chapters   for 
calculation. 

One   of   the  problems   with    the   krypton   lamp   output 
is  the   blue   and    ultra-violet   radiation.      These   wavelengths 
produce  color   centers  in   the   crystal    which   become    "energy 
sinks"   and    thereby   increase   the  CW   threshold  level.      This 
radiation   may   be   filtered   out    using    additives  in   the    coolant 
or  certain    types   of    guartz   glass  in    the    flow  tubes. 
[Ref.    12:    p.    343] 

D.       THERHAL    CONSIDERATIONS 

1  •      l^er ma 1   Effects 

The  effects  of  heat  and  heat  removal  in  a  crystaline 
solid  state  laser  are  significant  and  must  be  considered 
when  designing  the  system.   There  are  a  number  of  ways  heat 
is  generated.   The  first  is  due  to  the  pumping  process. 
There  is  usually  at  least  a  small  energy  difference  between 
the  pump  bands  and  the  upper  laser  level.   The  energy  lost 
in  decaying  to  the  upper  laser  level  is  transfered  directly 
to  the  surrounding  lattice.   A  second  way  occurs  because  the 
quantum  efficiency  is  less  than  unity.   This  means  that  some 
of  the  pump  photons  lose  all  their  energy  inside  the  crystal 
lattice  before  exciting  any  Nd  ions.   A  third  way  comes  from 
direct  absorption  of  ultra-violet  and  infra-red  radiation  by 
the  host  lattice.   In  these  regions,  all  energy  absorbed  is 
converted  to  heat  [Ref.  3:  p.  344].   The  following  discus- 
sion of  thermal  effects  is  tailored  to  continuous  wave  oper- 
ations and  assumes  a  cylindrical  rod  surface.   It  is 
primarily  taken  from  Reference  2   . 
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Figure    2.5        Krypton    Emission   and   Nd:YAG   Absorption   Spectra 
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TABLE  2 
Spectral  Data  for  CW  Kr  Arc  Lamps 

QUANTITY  DEFINITION  NUMERICAL  DATA 


Radiation     Radiation  Output/  0.45 
Efficiency     Electrical  Input 

Spectral     Fraction  below  0.7um  0.10 

Power 

Distrib.             Between   0.7   and  0.9pm  0.60 

Between   0.9    and    1.4pm  0.30 

Spectral            Frac.    in  Spect.   Lines  0.40 
Output 

Fract.    in   Continuum  0.60 


._.  .. 

TABLE  3 

Ab 

sor 

ption  Efficiencies 

ABSORP. 
EAND 

Kr  LINE 
(Jim) 

%  of  Kr 

SPECTRA 

EFFECT 
ABS.  COEF. 
(1/mm) 

ABSORP. 

EFF. 
(%/mm) 

Total 



100.0 

0.053 

5.300 

Y-1 

.53 

3.3 

0.017 

0.056 

Y-2 

.57  6 

.59 

4.8 

0.044 

0.211 

IR-1 

.76 

11.0 

0.  122 

1.342 

IR-2 

.81 

19.0 

0.128 

2.432 

IR-3 

.87 

11.3 

0.013 

0.  147 
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a.  Temperature  Distribution 

The  temperature  distribution  across  the  cross 
section  of  the  rod  can  be  found  by  solving  the  one  dimen- 
sional heat  conduction  equation.   The  simplifying  assump- 
tions that  need  to  be  applied  include:  uniform  internal  heat 
generation,  cooling  along  the  surface,  only  radial  flow  of 
the  heat  in  the  crystal,  and  neglect  of  end  effects  as  well 
as  any  axial  variations  in  coolant  temperature.   The  solu- 
tion is  represented  with  Equation  2.11  .   K  is  the  thermal 
conductivity  in  W  cm-1  C_l,  Q  is  the  heat  generation  rate 
per  unit  volume  in  W/cm3,  T{r(E)}  is  the  temperature  at  the 
rod's  surface,  T (r)  is  the  temperature  at  radius  r  from  the 
axis,  and  r (E)  is  the  rod's  radius.   Equation  2.11  shows 
that  the  temperature  distribution  is  parabolic  with  its  peak 
at  the  core  of  the  rod.   This  distribution  is  the  guiding 
force  behind  the  rest  of  the  thermal  effects. 

T(r)=T{r(R)}  +  (Q/  (4K) )  (  (r  (E)  )2-r2)  (2.11) 

b.  Thermal  Stresses 

With   the    parabolic    temperature    gradient    above, 
the   hot   core    tries   to  expand    against   the   cooler    surface. 
This    causes  mechanical   stress  in   that   the    surface   is 
compressing   the   center,    and   the  center  is   putting    tension   on 
the   surface.      When   solved   for,    this   stress   is  represented   by 
Equations   2.12    to    2.15   .      Here,     (a0)    is    the   thermal    expan- 
sion   coeficient,    E    is  Young's    Modulus,    and    v   is    the    Poisson 
ratio. 

Radial   Stress   =    QS  (r2- (r (B) ) 2 )  (2.12) 

Tangential  Stress   =  QS  (3r2- (r  (E) )  2)  (2.13) 
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Axial    Stress   =    2QS  (2r2- (r  (R)  )  2)  (2.14) 

S    =    (aO)E/{16K(1-v)}  (2.  15) 

c.  Stress    Related   Refractive  Index   Changes 

Thermal    stresses   generate   strains  which   in    turn 
cause   the  refractive    index   to   change.      The   Nd:YAG   crystal  is 
grown   in  the    {111}    direction   and   light   propagates   in   this 
direction.      This   makes  refractive   index    changes    in    this 
direction  important.      Using    typical    Nd:YAG    parameters,    the 
index    is  seen   to  change    in   two    directions   as  shown  in 
Equations   2.16    and    2.17    .      These  results   play  an    important 
role    in    stress   birefringence. 

Radial  Change   =    (-2.8   x    10"6)gr2  (2.16) 

Tangential  Change    =    (0.4   x    10-*)Qr2  (2.17) 

d.  Thermal    lensing 

Changes  in  the  refractive  index  are  caused  by 
both  temperature  and  stress  effects.   The  total  effect  is 
again  radius  dependent.   Qualitatively,  endface  curvature 
due  to  significant  rod  elongation  accounts  for  about  six 
percent  of  the  change.   Stress  related  variations  make  up 
another  twenty  percent.   The  dominant  effect,  however,  is 
temperature  related  changes  which  make  up  the  rest.   There 
is  little  that  can  be  done  to  limit  these  effects  since  they 
are  direct  functions  of  the  physical  properties  of  the 
materials  used.   The  effective  focal  length,  f,  of  the 
stressed  lattice  can  generally  he  expressed  as  in  Equation 
2.18  .   The  constant,  M,  is  a  function  only  of  material 
properties,  and  P  represents  the  power  into  the  crystal. 
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f  =  M/P  (2.  18) 

e.   Stress  Birefringence 

From  Equations  2.16  and  2.17  it  is  evident  that 
each  point  in  the  cross  section  has  an  induced  birefringence 
in  the  radial  and  tangential  directions.   This  effect 
increases  with  the  square  of  the  radius.   The  major  effect 
of  this  is  that  linearly  polarized  light  becomes  depolar- 
ized, output  decreases  significantly,  and  the  beam  shape 
changes.   The  solution  to  the  problem  is  usually  to  insert  a 
polarizer  into  the  resonator  so  that  these  effects  are  mini- 
mized.  It  is  interesting  to  note  that  the  TEM  (00)  mode, 
which  is  used  in  this  project,  is  least  effected  by  this 
since  its  energy  is  concentrated  at  the  axis  and  the  biref- 
ringence is  a  minimum  there. 

2.   Cooling  Techniques 

a.   Liquid  Cooling 

This  is  the  type  of  cooling  employed  in  this 
project.   Both  the  laser  crystal  and  the  krypton  arc  lamp 
are  enclosed  in  quartz  flow  tubes  through  which  distilled 
water  circulates.   The  specific  equipment  and  set  up  are 
explained  in  the  next  chapter. 

i.   Air  and  Conductive  Cooling 

For  completeness,  two  other  cooling  methods 
should  be  mentioned.   The  first  is  air  cooling.   Forced  air 
flow  is  an  effective  way  to  remove  heat  from  a  surface. 
Although  this  method  is  not  as  efficient  as  water  cooling, 
it  is  frequently  utilized  as  a  supplementary  cooling  method 
for  high  power  applications.   In  low  power  situations  air 
cooling  is  sufficient  on  its  own.   Another  gas  frequently 
used  to  cool  lasers  is  nitrogen.   This  type  of  cooling  is 
found  in  many  military  lasers. 
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Another  cooling  technique  uses  conduction.   This 
requires  that  the  laser  rod  be  mounted  directly  onto  a  heat 
sink  which  is  in  turn  cooled  by  a  liquid  or  gas  flow.   This 
type  of  cooling  is  used  with  ruty  rods  and  space  based 
Nd:YAG  lasers. 
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III.     DESIGN 

A.       LASER    PUMP    CAVITI 

1 .      Initia 1   Conditions 

a.  Cavity   Material 

Brass  was  chosen  as  the  cavity  material  because 
of  its  high  heat  conductivity,  good  reflectance  of  infra  red 
radiation,  and  its  ability  to  hold  an  evaporated  gold  film. 
Though  the  gold  film  intended  fcr  this  project  was  deleted 
(due  to  technical  problems)  ,  it  is  an  option  for  future  work 
with  this  laser.   The  absence  of  the  film  reduces  the  effi- 
ciency of  the  cavity  since  polished  brass  is  not  as  good  an 
infra  red  reflector  as  gold.   The  brass  alloy  used,  CDA  360, 
contains  a  small  amount  of  lead.   This  eases  the  machining 
problems  and  reduces  the  "roughness"  of  the  finished 
product. 

b.  Cooling  Cavity 

To  reduce  the  amount  of  shopwork,  the  main  body 
of  the  cavity  from  Chung's  project  [ Ref .  2]  was  used.   This 
limited  the  outside  diameter  of  the  pump  cavity  to  50  mm  and 
its  lenjth  to  80  mm.   These  restrictions  effectively  reduced 
the  maximum  transfer  efficiency  of  the  laser  cavity  by  about 
one  percent  in  comparison  to  the  other  options  considered. 
The  reduction  was  not  considered  significant. 

c.  The  Arc  lamp  and  Crystal  Assemblies 

The  dimensions  of  these  two  assemblies  had  the 
greatest  effect  on  the  final  design  and  transfer  efficiency 
of  the  pump  cavity.   Their  effect  will  become  evident  in 
later  calculations. 
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The  Nd:YAG  crystal  used  was  also  the  one  used  in 
the  Chung  thesis.  Its  length  is  75  mm  and  its  diameter  is  3 
mm.  The  flow  tube  that  surrounds  the  crystal  has  an  outside 
diameter  of  10  mm  and  is  made  of  quartz. 

Power  available  and  economics  dictated  the  size 
of  the  krypton  arc  lamp  to  be  used.   ILC  Technology  manufac- 
tured the  particular  lamp  chosen.   Its  specifications  are 
listed  in  Table  4  [Ref.  10]. 


■ 

TABLE  4 

Krypton  Arc 

La 

mp  Specifications 

Designation 

5Kr3 

Bore  Diameter 

5  mm 

Nominal  Current 

32  amps 

Arc  Length 

7  1  .2  mm 

Vcltage  Drop 

105  -  117  volts  (at  32  amps) 

Static  Impedance 

3.3  ohms 

Dynamic  Impedance 

1.2  ohms 

Maximum  Input  Power 

39C0  watts 

Operating  Life 

200  hours 

Cooling 

1-2  gallons/minute 

(distilled  water) 

—   

2  .   Pump_  Ca  vity_  Dimensions 

The  starting  point  in  these  calculations  is  the 
ratio  of  the  rod  to  lamp  radii,  r (R) /r (L) .   For  this 
project,  the  ratio  is  1/2.   Using  this  number  as  a  basis, 
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the   eccentricity    giving   the    maximum    possible   transfer    effi- 
ciency   (47   percent)     was    found    tc   be    0.45.      [Ref.    3;    p.    309]. 

Equations   3.1    and   3.2    were   then    solved    for    the 
ratio,    b/a.      In    these  equations,   e   is   the   eccentricity,    a  is 
the   semi-major  axis   length,    b   is  the   semi-minor   axis   length, 
and    c  is   half    the    distance   between    the    focii    of    the    cavity 
ellipse.      For   the   cavity   in    this  project,    b/a  =    0.893. 

e   =  c/a  (3.1) 

C2    =   a2   -   bs  (3.2) 

Using   the   methods  of    Bowness  [Ref.    9],    various 
values   for   the    ratio    cf   2r(L)/a   were   selected.       For   each   of 
these    options,    a,    b,    c,    and    the   transfer   efficiency   were 
found.      These   numbers   were   then   substituted    into    Equations 
3.3    and   3.4    .       Here,    the   value    S1    is   the   clearance    of    the 
rod   and   lamp  assemblies  from   each   other,    S2    is   the   clearance 
of    the   rod   and   lamp   assemblies    from    the   elliptical    surface, 
d(RWJ)    is  the   outside  diameter    cf      the   rod/water    jacket 
assembly,    and   d(LWJ)     is   the    outside    diameter  of    the   lamp/ 
water    jacket   assembly. 

51  =    2c   -    {d  (RWJ)     ♦   d(LWJ)}/2  (3.3) 

52  =    {2a   -   SI    -    d  (RflJ)     -    d(LWJ)}/2  (3.4) 

The  resulting  set  of  values  and  the  restrictions 
mentioned  in  the  previous  secticn  were  then  weighed 
together.   The  final  fump  cavity  design  specifications  are 
listed  in  Table  5  . 
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I  " 

TABLE  5 

Pump  Cavity  Design  Speci 

f ications 

a 

20  mm 

b 

17. 8  mm 

c 

9  mm 

e 

0.45 

S1 

5.  5  mm 

S2 

4.  8  mm 

Outside  Diameter 

50  mm 

Length 

80  mm 

Theoretical  Trarsfer 

Efficiency 

44. 37% 

3  -   The  Construction  of  the  Cavity 

The  cavity  is  constructed  in  two  halves.   The  drill 
bit  is  angled  as  in  Figure  3.1  so   that  the  resulting  hole  is 
a  half  ellipse  when  viewed  end  en.   The  radius  of  the  drill 
bit  should  be  egual  to  the  length  of  the  semi-major  axis. 
The  tilt  angle  is  equal  to  cos_1(b/a). 

Once  the  two  halves  are  drilled  out,  they  are  sold- 
ered or  trazed  together.   The  irside  of  the  cavity  is  then 
polished  to  make  it  as  reflective  as  possible. 

Eecause  of  the  lack  of  metric  drill  bits  and  other 
factors,  the  actual  cavity  did  rot  match  the  design  specifi- 
cations.  The  dimensions  of  the  actual  pump  cavity  are  as 
follows:  a=19.8mm,  b  =  16.6mm,  c=  10.8mm,  and  e=0.54.   The 
length  and  outside  diameter  are  as  designed. 
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^     PRIMING 

DJREcnart 


angle  df  cicurvmari 


LASER  CAVITY  MATERIAL 


Figure    3.1        Drilling   the   Elliptical  Cavity 

B.       RESCNATOR    CONFIGURATIONS 

1 •      Mirror   Characteristics 

Table   6    has   a  summary   of   the   characteristics   of   the 
four    mirrors  available  for   experimental   use.      The   transmit- 
tances   were   measured    on   a   Perkics-Elmer    137G   Grating    Near   IR 
Spectrophotometer. 

2 .      Hemi-Conf ocal   Combinations 

With   the   four  available   mirrors   there  are    four 
possible  hemi-conf ocal  resonator   combinations.      These   are 
summarized   in   Table    7  along    with  the   estimated   spot   sizes 
calculated   from    Equations   2.4    and    2.5    .      In   all    cases,    the 
center    of   the   crystal  is   located   at    the   midpoint    between    the 
mirrors. 
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1 

TABLE 

6 

Mirror  Chara 

cteristics 

NUMBER 

3 
TYPE 

TRANSMIT. 
at  1.06um 

IIAMETER 
(cm) 

FOCAL 
LENGTH 
(cm) 

MADE  BY 

M1 

plane 

4.5 

2.  1 

infinity 

Valpey 

M2 

concave 

4.0 

2.  1 

77 

Valpey 

M3 

plane 

21.0 

2.0 

infinity 

Korad 

M4 

concave 

3.7 

2.0 

42.5 

Korad 

Further  discussion  concerning  particular  mirror 
pairs  use  these  combination  numbers  to  refer  back  to  the 
specific  mirrors  used. 


— 

TABLE 

7 

Hemi-Confocal 

Combinations 

COMBINATIONS 

MIRRORS 
USED 

BEAM  WAIST 
w0  (mm) 

SPOT  SIZE 
w2  (mm) 

1 

M1  -  M2 

0.51 

0.72 

2 

M1  -  M4 

0.38 

0.54 

3 

M3  -  M2 

0.51  . 

0.72 

4 

M3  -  M4 

0.38 

0.54 
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C-   COOLING  SYSTEM 

1 .  Arc  Lamp_  Cooling 

There  are  actually  two  independent  cooling  systems 
for  this  laser.   The  first  is  dedicated  to  the  arc  lamp.   An 
M  and  W  Systems  Recirculating  Cooler  with  a  two  kilowatt 
capacity  provides  the  required  coolant  flow.   Distilled 
water  is  pumped  from  the  cooler,  through  a  guarter  inch 
plastic  line,  and  into  the  opening  of  the  connector  on  the 
anode  side  of  the  arc  lamp.   The  water  travels  through  the 
connector  to  the  area  sealed  by  each  connector's  O-ring  in 
the  water  jacket.   This  is  where  the  coolant  contacts  the 
lamp  itself.   The  loop  is  completed  through  the  cathode 
connector  and  the  return  line  tc  the  cooler.   The  recom- 
mended flow  rate  is  a  minimum  of  one  gallon  per  minute. 

2.  The  Cavity 

The  second  cooling  system  takes  care  of  the  Nd:YAG 
crystal  and  the  laser  cavity.   A  Korad  KWC3  Laser  Cooler 
provides  the  necessary  2  kilowatt  cooling.   From  the  cooler, 
distilled  water  is  pumped  through  half  inch  plastic  lines  to 
the  inlet  of  the  laser  cooling  cavity.   Figure  3.2  pictures 
the  flow  pattern  inside  the  cavity.   The  water  enters  the 
"G"  side  of  the  base  plate  and  travels  up  the  endplate  to 
the  inlet  of  the  crystal's  water  jacket.   The  cooling  of  the 
crystal  is  critical.   This  way  it  gets  the  coolant  at  its 
lowest  temperature  for  the  most  efficient  heat  removal. 
After  the  water  passes  through  the  flow  tube,  it  enters  the 
"A"  side  endplate  and  down  into  the  base  plate  again.   From 
the  base  plate,  the  water  travels  up  into  the  main  cooling 
cavity  so  that  heat  from  the  brass  laser  cavity  can  be 
removed.   Once  this  is  done,  the  water  goes  to  the  coolant 
outlet  at  the  top  of  the  cavity,  down  the  return  line,  and 
back  into  the  Korad  cooler. 
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A  detailed  drawing  of  the  cooling  cavity's  measure- 
ments is  presented  in  Figure  3.3  .   A  drawing  of  one  of  the 
endplates  is  shown  in  Figure  3.4  .   Note  that  the  hole  for 
the  arc  lamp  assembly  is  not  centered  at  the  focus  on  that 
side  of  the  ellipse.   This  was  done  to  provide  more  clear- 
ance between  the  water  jacket  and  the  ellipse  wall  due  to 
the  differences  between  the  design  specifications  and  the 
final  laser  cavity.   Figure  3.5  shows  the  top  view  of  the 
base  plate.   The  purpose  of  this  piece  is  to  provide  a  foun- 
dation on  which  to  build  the  laser  and  also  to  provide  flow 
paths  to  correctly  take  the  coolant  where  it  needs  to  go. 

D.   POWEK  SUPPLY 

The  power  supply  is  designed  around  the  maximum  current 
load  of  32  amps.   At  this  level,  after  the  DC  generator  has 
warmed  up,  a  maximum  of  133  volts  is  available  to  the  laser 
system.   From  Table  4,  117  volts  is  the  expected  drop  across 
the  arc  lamp  at  this  current.   The  remaining  16  volts  must 
be  dropped  over  a  series  resistcr.   By  Ohm's  Law,  the  neces- 
sary resistance  is  0.5  ohms. 

The  particular  resistor  used  is  one  made  in  1944  by  a 
General  Electric  subsidiary.   It  can  handle  up  to  60  amperes 
and  120  volts  DC,  so  it  is  more  than  adequate  for  the 
intended  use. 

The  power  supply  as  described  above  is  sufficient  to  run 
the  arc  lamp,  but  an  addition  is  necessary.   The  krypton  gas 
in  the  lamp  must  be  ionized  before  it  can  arc.   This 
requires  a  second  voltage  source  in  series  with  the  arc  lamp 
to  provide  a  short  duration,  high  voltage  "kick"  to  get  the 
lamp  to  arc.   The  first  attempt  to  apply  this  starting 
voltage  used  an  arc  welder  as  a  source.   Although  the  weld- 
er's output  indicated  a  30  kilovolt  peak,  it  was  not  of  long 
enough  duration  to  provide  the  necessary  ionization.   The 
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next  step  was  to  try  applying  the  voltage  from  a  tesla  coil 
to  the  end  of  the  lamp  in  conjunction  with  the  welder.   The 
coil's  energy  appeared  to  short  to  ground  through  the  welder 
and  DC  generator,  so  ionization  was  not  achieved  with  either 
of  these  arrangements. 

The  lamp  did  ionize  when  it  was  isolated  and  had  the 
tesla  coil's  energy  applied  to  either  end,  so  the  next  try 
at  making  the  lamp  a ic  was  withcut  the  welder  and  used  only 
the  coil.   A  breaker  was  inserted  to  isolate  the  lamp  from 
the  DC  generator  until  the  lamp  was  ionized.   Unfortunately, 
as  soon  as  the  switch  was  closed,  the  glow  discharge 
stopped  and  apparently  the  coil's  energy  had  again  shorted 
to  ground  via  the  generator. 

Professors  Cooper  and  Crittenden  suggested  a  new  circuit 
with  an  inductor  placed  between  the  lamp  and  the  DC  gener- 
ator so  that  the  energy  from  the  tesla  coil  would  see  the 
lamp  as  being  the  path  of  least  resistance  to  ground.   The 
design  and  construction  of  this  circuit  could  not  be 
completed  in  time  for  inclusion  in  this  paper.   This  would 
be  a  good  starting  point  for  a  follow  on  project. 
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IV.  PREDICTED  AND  ACTOAL  £ERFOEMMC_E 

A.   PREDICTED  PERFORMANCE 

1*   Efficiency  Term  Definitions 

Efficiency  parameters  can  be  defined  in  many  ways 
depending  on  the  particular  author's  point  of  view.   The 
definitions  below  clarify  what  is  meant  in  this  paper  by 
these  terms.   The  estimated  values  given  within  each  of  the 
defining  paragraphs  are  used  to  get  the  predicted  threshold 
and  input/output  results.   Both  definitions  and  numerical 
values  are  taken  from  References  3  and  13  - 

a.  NO  -  The  Pumping  Efficiency  Factor 

This  number  represents  the  fraction  of  the  atoms 
excited  to  the  pump  levels  that  decay  to  the  upper  laser 
level.   Analytically,  it  is  expressed  as  in  Equation  4.  1  . 
Numerically,  it  is  egual  to  the  branching  ratio  for  this 
transition  given  in  Table  1,  or  60  percent. 

NO  =   {1  +  t32/t31   +  t32/t30}-l  (4.1) 

b.  N1  -  The  Power  Quantum  Efficiency 

The  power  quantum  efficiency  is  the  fraction  of 
the  absorbed  power  which  appears  as  emission  on  the  laser 
line.   It  is  the  product  of  the  pumping  efficiency  and  the 
ratio  of  the  laser  transition  energy  to  the  energy  of  the 
pump  bands.   Osing  the  frequency  for  the  0.81  Jim  pump  band, 
the  estimated  power  quantum  efficiency  is  46  percent. 


48 


c.  N2  -  The  Lamp  Radiation  Efficiency 

This  is  the  ratio  of  the  lamp  radiation  power 
within  the  absorption  bands  to  the  electrical  input  power. 
From  Table  2,  this  factor's  value  is  0.45. 

d.  N3  -  The  Transfer  Efficiency 

The  geometrical  transfer  efficiency  represents 
the  fraction  of  radiation  that  leaves  the  lamp  and  reaches 
the  rod.   It  was  determined  with  the  methods  of  Bowness  as 
presented  in  Reference  3  .   These  steps  take  into  account 
the  finite  sizes  of  the  lamp  and  rod.   For  the  dimensions  of 
the  manufactured  cavity,  39  percent  is  the  resultant  value. 

e.  N4  -  The  Absorption  Efficiency 

This  factor  takes  into  account  the  reflectivi- 
ties of  the  cavity  walls  at  the  pump  bands,  the  reflection 
losses  from  the  cooling  jackets,  absorption  losses  from  the 
coolant,  and  the  ratio  of  non-reflecting  area  to  total 
inside  area  of  the  cavity.   It  is  the  fraction  of  pump  light 
actually  absorbed  by  the  rod.   laking  measured  and  estimated 
values  for  the  above  variables,  the  absorption  efficiency  is 
approximately  31  percent. 

f.  N5  -  Output  Coupling  Efficiency 

This  measures  the  compatibility  of  the  output 
mirror's  reflectivity  with  the  total  laser  system.   The  best 

estimate  of  this  factor  for  prediction  purposes  is  through 
Equations  4.2  to  4.6  from  Svelte  £Ref.  13]. 

N5  =  yV(2y(t))  (4.2) 

y1  =  -ln(1  -  T1)  (4.3) 
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y2  =  -ln(1  -  T2)  (4.4) 

y(i)  =  -ln(1  -  T(i))  (4.5) 

y(t)  =  y(i)  ♦  (y1  *y2)/2  (4.6) 

The  symbols  y1  and  y2  stand  for  the  logarithmic  losses  per 
pass  due  to  each  respective  mirror's  transmittance,  T1  and 
12,    at  the  laser  wavelength.   T  (i)  is  the  internal  transmit- 
tance  of  the  rod.   The  logarithnic  internal  loss,  y  (i) , 
accounts  for  losses  in  the  crystal  on  each  pass.   The  total 
loss,  y  (t) ,    is  a  combination  of  the  internal  losses  and  the 
average  of  the  mirror  losses.   Taking  a  ball  park  estimate 
for  y  (i)  of  0.04  £Ref.  13:  p.  166 },    and  the  mirror  transmit- 
tances  for  each  resonator  configuration,  the  losses  and 
coupling  efficiencies  are  summarized  in  Table  8  . 




TABLE   8 

Estimated  Logar 

ithmic   Losses  and 

Coupling 

Eff 

iciencies 

CCMEINATION 

yi 

y2 

y(t) 

N5 

1 
2 

3 
4 

0.05 
0.05 
0.24 
0.24 

0.04 
0.03 
0.04 
0.03 

0.085 
0.080 
0.  180 
0.175 

0.29 
0.31 
0.67 
0.69 

g.   N(s)  -  Slope  Efficiency 

This  is  the  slope  of  the  laser  power  output 
versus  electrical  power  input  line  and  is  a  good  yardstick 
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of  overall  laser  efficiency.   A  good  Nd:YAG  laser  has  a 
slope  efficiency  between  2.6  and  3  percent.   It  is  simply 
expressed  in  Equation  4.7  : 

N(s)  =  N1  x  N2  x  N3  x  N4  x  N5  (4.7) 

Predicted  slope  efficiencies  foi  the  four  hemi-conf ocal 
configurations  are  listed  in  Table  9  . 


TABLE 

9 

Predicted 

Slope 

Eff 

iciencies 

COMBINATION 

N(s) 

(%) 

1 

2 
3 

4 

0. 
0. 
1. 
1. 

73 

78 
68 
73 

._  

2-   Threshold  Calculations 

The  threshold  condition  in  a  laser  system  occurs 
when  the  pump  rate  first  produces  the  critical  population 
inversion  necessary  for  lasing.   Any  further  increase  in  the 
inversion  level  increases  the  gain  above  the  cavity  losses. 
In  this  saturated  state,  the  number  of  stimulated  emissions 
increases  until  a  steady  state  balance  occurs  at  the  crit- 
ical inversion  level  between  the  pump  rate  and  the  combined 
effects  of  cavity  losses  and  laser  transitions.   The  above 
conditions  can  be  analytically  expressed  in  tangible,  meas- 
urable laser  parameters. 
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a.  The  Threshold  Condition 

The  threshold  condition  is  expressed  by  Equation 
4.8  [ Eef .  3:  p-  76].   The  left  hand  side  represents  the 
round  trip  gain  through  the  resonator.   The  fact  that  it 
equals  unity  shows  the  balance  tetween  resonator  gain  and 
loss.   Here/  R1  and  E2  are  the  respective  mirror  reflectivi- 
ties, 1(E)  is  the  active  material  length,  g  is  the  gain  per 
unit  length  of  material,  and  a  is  the  absorption  coefficient 
per  unit  length  which  is  a  combination  of  all  non-output 
losses  of  the  laser  material. 

(R1)  (E2)exp{2(L(R))  (g-a)}  =  1  (4.8) 

b.  The  Critical  Population  Inversion 

The  next  task  is  the  determination  of  the  crit- 
ical population  inversion  necessary  for  lasing.   To  do  this, 
some  new  terms  must  be  introduced.   The  first  is  B,  the 
stimulated  transition  rate  per  photon  per  mode.   It  is 
defined  in  Equations  4.9,  4.10,  and  4.11  [Eef.  13:  p.  149]. 

B  =  s2i  (L(E)  )c/(VLf)  (4.9) 

V  =  (pi)  (wO)  2L»/4  (4.  10) 

L'  =  L  +  (n-1)  (L(E))  (4.  11) 

Equation  4.10  gives  the  cavity  node  volume  for  the  TEM  (00) 
mode.   The  variable  1*  is  defined  in  Equation  4.11,  where  L 
is  the  resonator  length  and  n  is  the  refractive  index  of  the 
laser  material.   The  symbol  s21  represents  the  stimulated 
emissicn  cross  section. 

The  second  new  term  is  t  (c) ,  the  average  life- 
time of  the  photon  in  the  resonator.   It  is  expressed  in 
Equation  4.12  [Eef.  13:  p.  149]. 
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t(c)  =  L'/(cy(t))  (4.  12) 

With  these  terms  established,  the  critical  popu- 
lation inversion  is  found  with  Equation  4.13  [Ref.  13:  p. 
152]-   The  results  are  listed  in  Table  10  for  each  resonator 
combination. 

n(th)  =  1/{VBt(c))  =  y(t)/(s2ii(fij)  (4.13) 

c.      The    Fluorescence  and  Threshold   Powers 

Equation    4. 14   is   now    used    to   determine    the 
expected   threshold   fluorescence  power  of   the  laser    tran- 
sition [Bef.    3:    p.    80].      It   is    interesting    to  note    that   the 
fluorescence   power   is  directly    proportional    to   the    popula- 
tion   inversion    level  and   is   a  direct    measurement    of    that 
value.      The  symbol,    h,    is   Planck's  constant   and    f°    is   the 
laser    transition  frequency.      Their   product   is  the   laser 
photon   energy.       The    spontaneous   fluorescent    lifetime   is 
symbolized    with   t(f),   and    the   tctal   rod   volume  is   V(t)=0.53 
cm3.       Using   the    data    from   Appendix    B   and    Tables    6,    7,    and   8, 
as    well   as   the    rod    dimensions,    the   threshold   fluorescence 
powers   are   calculated  and   listed  in    Table    10    . 

P(f)    =   n(th)  V(t)  hf  o/t  (f)  (4.14) 

One  further  calculation  reveals  the  predicted 
electrical  power  into  the  laser  necessary  to  achieve 
threshold.   This  threshold  power  is  found  via  the  simple 
expression  of  Equation  4. 15  .   These  results  are  also  found 
in  Table  10  . 

P(th)  =  P  (f) /(N1xN2xN3xN4)  (4.15) 
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It  should  be  emphasized  that  the  results  for 
threshold  fluorescence  and  threshold  input  power  assume  the 
entire  rod  is  fluorescing  and  that  the  highly  efficient 
krypton  arc  is  doing  the  pumping.   The  numbers  used  for  the 
efficiencies  and  n (th)  are  also  somewhat  idealized  and 
actual  results  will  most  probably  differ  from  the  predicted 
ones.   Once  actual  measurements  are  eventually  taken  with 
the  krypton  pumped  laser,  the  atove  assumptions  can  be 
corrected  and  the  prediction  eg  nations  for  the  laser  can  be 
refined  to  reflect  more  accurately  the  actual  laser's 
performance. 


TABLE 

10 

Results 

of 

Predicted  Threshold  Calculations 

COMBINATION 

n (th)  (cm-i) 

P(f)  (W) 

P(th)  (W) 

1 
2 
3 

4 

1.29x1016 
1.21x1016 
2.72x1016 
2.64x1016 

5.5 

5.2 

11.7 

11.3 

220 
208 
468 
452 

3-   iSEut^QutEiii  Calculations 

Host  of  what  is  needed  to  predict  the  input/output 
characteristics  of  the  laser  have  already  been  determined. 
Eguation  4.16  [Eef.  13:  p.  154]  is  the  vehicle  used  for 
these  predictions.   A  (e)  is  the  eguivalent 

P(out)  =  (A(e)I(s)  (y1)/2}  {(P  (in)/P(th)-1}  (4.16) 
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cross-sectional  area  of  the  laser  medium  occupied  by  the 
oscillating  modes.   If  the  TEM  (CO)  mode  is  assumed  to  be  the 
only  mcde  oscillating,  A  (e)  =  (pi)  w02/4.   For  the  purpose  of 
forcasting  realistically,  though,  the  oscillation  of  many 
modes  must  be  assumed  which  means  A  (e)  equals  the  actual 
cross  section  of  the  rod.   I (s)  is  defined  as  the  gain  satu- 
ration intensity  and  is  given  ic  Equation  4.17  . 

I(s)  =  (h)  {f  0)/(S2it(f)  )  =  926.52  W/cm2  (4.17) 

Using  the  specific  values  for  each  of  the  resonator 
combinations,  four  input/output  equations  result.   These  are 
listed  as  Equations  4.18  to  4.2  1  and  are  plotted  in  Figure 
4.1  .   The  supersctipts  indicate  the  resonator  combination 
that  tie   equation  relates  to. 

ip(out)  =  (1.64)  {P  (in)/220  -  1}  Watts  (4.18) 

zp(cut)  =  (1.64)  £P  (in)/208  -  1}  Watts  (4.19) 

3P  (out)  =  (7.86)  {P  (in)/468  -  1}  Watts  (4.20) 

*P  (out)  =  (7.8  6)  £P  (in) /452  -  1}  Watts  (4.21) 

B.   EXPERIMENTAL  PERFORMANCE 

As  mentioned  in  the  introduction,  the  experimental 
portion  of  this  project  had  to  te  redirected  since  a 
successful  start  of  the  krypton  arc  had  not  occured  in  time 
to  include  that  data  in  this  thesis.   The  alternative  called 
for  back  fitting  the  laser  with  connectors  that  would  hold  a 
tungsten  filament  lamp  in  place  of  the  krypton  lamp.   This 
arrangement  allowed  for  cavity  fluorescence  measurements  to 
be  taken  and  compared  with  those  of  previous  projects.   The 
results  follow. 
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1 .   Equipment 

The  tungsten  filament  lamp  used  in  the  experiment  is 
made  by  General  Electric  and  is  rated  at  1000  Watts  with  a 
120  Volt  input.   Although  the  efficiency  of  this  source  is 
significantly  less  than  that  of  the  krypton  lamp,  it  puts 
out  enough  power  to  get  a  fluorescence  output  from  the 
crystal.   This  output  is  first  filtered  through  an  Oriel 
model  number  5285,  1060.1  nm  filter,  which  has  a  half  band- 
width of  9.7  nm  and  a  transmittance  of  52  percent  at  the 
laser  transition  wavelength.   After  passing  through  the 
filter,  the  radiation  is  detected  on  a  United  Detector 
Technology  PIN-10DP  photodiode.   At  the  1.06  urn  wavelength, 
it  has  a  spectral  response  of  15  uA/jiW.   The  output  from  the 
diode  is  measured  on  a  Keithly  Instruments  Model  610BE 
Electrometer.   The  particular  full  scale  deflection  used 
during  the  fluorescence  readings  was  0.3x10-4  amperes. 

Power  for  the  tungsten  lamp  is  taken  from  a  wall 
socket  and  fed  through  a  General  Radio  Company  Variac 
Autotransf ormer.   This  is  the  means  for  controling  the 
voltage  across  the  laap.   An  AC  voltmeter  and  ammeter 
provided  direct  measurement  of  the  actual  electrical  power 
into  the  lamp. 

One  other  necessary  change  was  in  cooling.   The 
cavity  and  rod  are  cooled  as  originally  intended,  but  that 
alone  is  not  enough  to  handle  the  heat  generated  by  the 
lamp.   An  Eastern  Air  Devices  fan  was  added  on  one  end  of 
the  cavity  to  complement  the  water  cooling.   At  3300  r.p.m., 
the  fan  moves  100  cubic  feet  per  minute  through  the  cavity. 
This  proved  sufficient  to  do  the  job. 

The  entire  set  up  is  represented  in  Figure  4.2  . 
The  only  addition  to  this  arrangement  is  a  light  blocking 
hood  which  was  placed  over  the  filter/diode  assembly  to  keep 
out  extraneous  radiation. 
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Figure  4.2    Fluorescence  Measurement  Set  Op 

2.   Fluorescence  Measurements 

Each  experimental  "run"  involved  increasing  the 
voltage  into  the  lamp  at  5  volt  increments  in  the  range  from 
30  to  115  volts.   Where  different  outputs  occurred  at  the 
same  voltage  input,  an  average  cf  the  differing  readings  was 
taken.   A  plot  of  the  results  appears  in  Figure  4.3  . 

The  significant  difference  in  fluorescence  readings 
between  the  "watts"  predicted  and  the  "micro-watts"  actually 
measured  is  due  to  a  number  of  reasons.   As  mentioned 
before,  the  predicted  threshold  fluorescence  numbers  are  a 
product  of  estimations  and  assunptions  based  on  idealized 
numbers  from  the  cited  references.   With  nothing  else  to  go 
on,  these  are  the  best  numbers  available  until  actual 
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measurements  can  be  taken.   The  biggest  reason  for  the 
difference  is  most  probably  the  pumping  effectiveness  of  the 
two  sources  considered.   Much  mere  of  the  krypton  arc's 
output  is  used  for  excitation  of  the  Nd  ions,  so  more 
fluorescence  power  is  expected  at  lower  input  powers.   The 
tungsten  lamp  output  is  blackbody  in  nature  and  thus  is  much 
more  "wasteful"  with  its  available  power.   This  means  that 
expected  fluorescence  power  readings  are  expected  to  be 
significantly  lower. 

3.   Laser  Output  Measurements 

A  number  of  attempts  were  made  to  produce  lasing 
with  the  tungsten  pumped  arrangement.   As  of  this  writing, 
no  success  was  had  with  any  of  the  mirror  combinations. 
This  was  not  an  altogether  unexpected  result  as  the  cavity 
was  not  designed  for  the  tungsten  filament  lamp.   If  it  had 
been,  the  cavity  would  have  been  much  smaller  since  the  room 
allowed  for  the  arc  lamp's  cooling  assembly  would  not  be 
needed. 
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V.  CO NC IDS IONS 

A.   A  COMPARISON 

The  fluorescence  power  data  recorded  for  the  elliptical 
cylindrical  cavity  and  the  circular  cylindrical  cavities  of 
Jung  and  Chung,  was  only  that  fraction  emitted  by  one  rod 
endface.   When  these  numbers  are  scaled  up  by  the  ratio  of 
the  total  rod  surface  area  to  the  area  of  one  endface,  a 
better  estimate  of  the  fluorescence  power  emitted  by  the 
entire  rod  is  achieved.   Since  the  critical  threshold  inver- 
sion is  directly  proportional  to  the  fluorescence  power,  it 
is  implicitly  represented  at  the  same  time.   Assuming  all 
three  rods  were  equivalent,  the  relative  pumping  efficien- 
cies of  the  three  cavities  can  cow  be  compared  with  the  aid 
of  the  scaled  fluorescence  powers  plotted  in  Figure  5. 1  . 
Also  plotted  is  the  average  of  the  threshold  fluorescence 
powers  found  by  Jung  and  Chung. 

Both  Jung  and  Chung  were  able  to  put  enough  power  on  the 
rod  to  exceed  the  threshold  level  and  achieve  lasing. 
Chung's  circular  cylindrical  cavity  appears  to  have  the 
better  pumping  efficiency  of  the  two  since  he  was  able  to 
achieve  threshold  with  an  input  power  of  2000  watts  as 
compared  to  Jung's  3600  watts.   Both  of  these  results  are 
achieved  via  a  non-focusing  close  wrap  type  of  geometry. 
Both  depend  on  direct  radiation  for  the  pumping  of  the  rod 
and  the  use  of  multiple  lamps  fcr  any  uniformity. 

The  elliptical  geometry  used  is  also  of  the  close  wrap 
type,  but  the  properties  of  the  ellipse  introduce  a  focusing 
ability  which  by  itself  produces  a  more  uniform  pumping, 
even  with  only  one  source.   The  superiority  of  this  type  of 
cavity  is  evident  frcm  Figure  5.1  in  that  the  elliptical 
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cavity  approaches  threshold  at  approximately  1000  watts. 
This  indicates  an  improvement  by  a  factor  of  from  2  to  3 
over  the  pumping  efficiencies  of  the  other  two  cavities. 

Unfortunately,  there  was  not  enough  power  available  to 
reach  threshold.   This  could  be  due  to  a  number  of  reasons, 
the  first  being  that  the  elliptical  cavity  was  designed 
around  a  krypton  arc  lamp  and  net  the  tungsten  lamp  used. 
The  difference  in  lamp  size  would  affect  the  transfer  effi- 
ciency as  mentioned  in  the  design  chapter.   It  also  did  not 
have  the  highly  reflective  gold  coating  used  by  Chung  and 
Jung.   This  deficiency  is  further  compounded  by  the  probable 
tarnishing  of  the  brass  surface  while  the  laser  was  assem- 
bled.  Even  with  this  burden,  this  project's  laser  should 
easily  reach  threshold  and  lase  with  the  more  efficient 
krypton  arc  lamp  in  place. 

B.   SUGGESTIONS  FOB  IHPfiOVEMENT 

The  first  and  foremost  step  must  be  the  construction  of 
a  circuit  able  to  start  and  maintain  the  krypton  arc  lamp. 
Once  this  is  done,  fluorescence  and  output  measurements  can 
be  taken  to  verify  and/or  correct  the  predicted  results. 
This  would  be  done  through  a  more  exact  analysis  of  the 
laser* s  losses  and  efficiences  which  could  then  be  applied 
to  the  prediction  eguations  given  in  this  paper. 

Once  lasing  is  achieved  with  different  output  mirrors,  a 
determination  of  the  optimum  output  coupling  would  be 
possible.   This  would  help  maxinize  the  overall  laser 
performance  and  improve  on  the  predicted  slope  efficiency. 

A  more  precise  manufacture  cf  the  elliptical  cavity 
would  improve  the  transfer  efficiency.   Although  the  close 
proximity  of  the  lamp  and  rod  tend  to  minimize  the  adverse 
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effects  of  a  less-than-perf ect  geometry,  the  lamp  could  have 
been  placed  precisely  on  its  focus  rather  than  offset  as  it 
was.   The  gold  film  would  also  help  the  transfer  efficiency 
by  providing  a  higher  infra  red  reflectivity.   It  would  also 
eliminate  the  need  for  periodic  polishing  of  the  elliptic 
surface. 

The  addition  of  reflective  endplates  would  help  minimize 
the  lest  pump  radiation.  This  would  drive  down  the  required 
threshold  powers  and  increase  overall  efficiency. 

A  final  possibility  would  b€  the  construction  of  a  new 
cooling  cavity  around  another  elliptic  cavity  which  better 
optimizes  the  total  transfer  efficiency  for  the  given  lamp 
and  rod  sizes.   The  size  of  the  cooling  cavity  was  the 
primary  restriction  when  designing  the  cavity  for  this 
project. 
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APPENDIX    A 
SYMBOLCGY 

SYMEOI  MEANING  DEFINED   ON    PAGE(S) 

A (e)  Equivalent   cross-sect,    area  54 

a  Cavity   semi-major    axis  26 

a  Absorption  coef ./length  52 

a0  Thermal    expansion    coef.  31 

B  Stimulated   transition  rate  52 

b  Cavity    semi-minor    axis  37 

c  1/2   distance   between    foci  37 

c  speed    of  light   =    3x10a    m/s 

d (IflJ)  Lamp/water    jacket    diameter  37 

d (RWJ)  Rod/water  jacket    diameter  37 

E  Young's   Modulus  31 

E1#E2,etc.  General   energy    levels  13 

e  Cavity    eccentricity  26 

f  Effective   focal   lergth  32 

f°  Laser    transition    frequency  53 

g  Gain/unit  length  52 

g1    5   g2  Stability  parameters  22 

h  Planck' s  const.    =    6.6256x10"3*    J/s 

I  (s)  Gain   saturation  intensity  55 

K  Thermal   conductivity  31 

L  Resonator  length  21 

L1  Effective   length    variable  52 

L (R)  Rod    length  52 

M  A    const,    of    material    props.  32 

M1#M2,etc.  Mirror    designations  18 

NO  Pumping   efficiency  48 

N1  Power   quantum  efficiency  48 
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N2  Lamp  radiation  efficiency  49 

N3  Transfer  efficiency  49 

N4  Absorption  efficiency  49 

N5  Output  coupling  efficiency  49 

N (s)  Slope  efficiency  50 

n  Refractive  index  52 

n (th)  Threshold  population  inversion  53 

P  Power  into  crystal  32 

P  (a)  Cavity  reference  reflection  pt.  25 

P  (e)  Cavity  reference  reflection  pt.  25 

P (f )  Fluorescence  power  53 

P  (th)  Threshold  power  53 

pi  3.141... 

Q  Heat  generation  rate/volume  31 

R,R1,etc.  Radii  of  curvature  18  &  21 

R1,R2,etc.  General  energy  sub-levels  14 

R1  &  R2  Mirror  reflectivities  52 

r  Radius  within  the  rod  31 

r  (1)  Lamp  radius  26 

r (R)  Rod  radius  31 

S  A  constant  term  32 

51  Clearance  of  rod  &   lamp  jackets  37 

52  Cavity  wall  clearance  37 
s21  Stimulated  emission  cross  sect.  52 
T1  &  T2  Mirror  transmittances  50 
T (i)  Rod  internal  transnittance  50 
T(r)  Temperature  at  radius  r  in  rod  31 
T{r(R)}  Rod  surface  temperature  31 
t (c)  Photon  avg.  lifetime  in  reson.  52 
t  (f )  Spontaneous  fluor.  lifetime  53 
t3°,etc-  Transition  times  13-14 
V  Mode  volume  52 
V(t)  Total  rod  volume  53 

v  Poisson  ratio  31 

w  1/e  gaussian  beam  radius  18 
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wO  Beam  waist  size  19 

w1  8  w2  Mirror  spot  sizes  19 

Y  Wavelength  21 

Y3  General  energy  sub-level  14 

y1  £  y2  Log.  loss/pass  for  each  mirror    50 

y (i)  Logarithmic  internal  loss  50 

y (t)  Total  less  per  pass  50 
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APPENDIX    B 
SUMMARY   OF    ND:YAG    PROPERTIES 


Chemical  Formula 
Weight   %   Nd 
Atomic    %   Nd 
Nd   atcns/cm3 
Melting   Point 
Knoop   Hardness 
Density 

Rupture    Stress 
Modulus    of   Elasticity 
Poisson   Ratio 

Thermal    Expansion    Coeficient 
(100)    direction 

( 1 10)  direction 

(111)  direction 
linewidth  (FWHM) 

Stim.    Emission   Cross    Sect. 
Relaxation   Time    (E1-E0) 
Radiative   Lifetime    (E2-E1) 
Spont.    Fluor.    Lifetime 
Photon   Energy    (1.06   ;im) 
Index  of  Refraction 
Scatter    Losses 

Thermal   Conductivity     (300   K) 
Specific   Heat     (300    K) 
Thermal   Diffusivity     (300    K) 
Inversion  for    1%   Gain/cm 
Stored    Energy    (1%   Gain/cm) 
Gain    Coef.     (U    Stored  Energy) 
Lattice   Constant 


Nd:Y(3)     Al(5)    0(12) 

0.725 

1.0 

1.38    x    1020 

1970    C 

1215 

4.56    g/cm3 

1.3   -    2.6   x    103    kg/cm2 

3  x    103   kg/cm2 

0.3 

8.2  x    10-s    c-i#     0-250  C 

7.7  x    10-6    c-i,    0-250  C 

7.8  x    10-6    c-i,    0-250  C 
6.5  cm-*     (195  GHz) 

8.8    x    10-19    cm2 

30   ns 

550    us 

230    us 

1.86    x    10-19    j 

1.82 

0.00  2   cm-i 

0.13    W   cm-i    K-i 

0.59    W   s    g-i    K-i 

0.046    cm2/s 

1.  1    x    10i6   cm-3 

0.002    J/cm3 

4.73    cm-i 

12.00    angstroms 
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